Abstract: Nanocomposites were prepared based on diene rubbers and layered clays modified with an alkyl quaternary ammonium cation (organoclay). A diene rubber, either polybutadiene, or synthetic or naturally occurring polyisoprene or styrene-butadiene copolymer, was melt blended with either a preformed organoclay or with a mixture of pristine clay and ammonium cation. Besides isolated lamellae, nanocomposites showed the presence of crystalline organoclays with intercalated organic layers made only by low molecular mass substances, essentially the ammonium cation, and no evidences for the intercalation of polymer chains were observed. Dynamic-mechanical properties of sulphur cured compounds with carbon black as the main filler and a minor amount of organoclay were investigated. The organoclay was found to bring about a reduction of Mooney viscosity, an increase of storage modulus at low temperature as well as an increase of thermoplasticity.
Introduction
Rubbers are definitely fundamental materials in human life and the properties of a rubber fascinate the human mind. A novelist can write "I wonder why the night, as a rubber, is of endless elasticity and softness" [1] and the inventor of the vulcanization process, Charles Goodyear, reported: "There is probably no other inert substance the properties of which excite in the human mind an equal amount of curiosity, surprise and admiration. Who can examine and reflect upon this property of gum-elastic without adoring the wisdom of the Creator?" [2] .
However, the properties of a rubber are not enough to fulfill the requirements of applications suitable for the needs of human life, not even after vulcanization. To achieve the required physical mechanical properties, rubbers have to be reinforced with fillers. Beneficial effects of carbon black were discovered at the beginning of twentieth century, although its large scale application was hindered by consumer resistance to the black color, for example of tires [3] . Silica was used as well in rubber formulations at the beginning of last century, but only towards the end it became the preferred filler to allow safe driving on wet surface and reduction of fuel consumption [4] . Elementary particles of said reinforcing fillers, nearly round, are 10-50 nm in diameter and thus the rubbery composites based on carbon black and/or silica can be definitely considered as nanocomposites, i.e. as composite materials characterized by the presence of dispersed particles whose size is in the "nanoscale", defined as "having one or more dimensions of the order of 100 nm or less" [5] . This paper discusses the last generation of reinforcing fillers, layered silicates modified by long chain quaternary alkyl ammonium (onium) cations [6] . Layered silicates are inexpensive natural mineral fillers and are reported to promote a high reinforcement of the rubber matrix [7, 8] thanks to the high aspect ratio of the layers. Each silicate layer presents oxygen atoms on its faces and oxygen atoms and hydroxide groups on its periphery and has thus a hydrophilic nature: to achieve a compatibilization with the rubber matrix, it needs to be modified. The approach widely applied in the literature [6] implies an exchange reaction of alkali and alkaline earth cations located inside the clay galleries with onium cations, obtaining a modification of clay surface polarity and an increase of intergallery distance. This paper presents nanocomposites prepared by melt compounding and based on 1,4-cis-polybutadiene (BR), 1,4-cis-polyisoprene either synthetic (IR) or naturally occurring (NR), poly-butadiene-co-styrene either from emulsion or solution polymerization (E-SBR and S-SBR respectively) as the diene rubbers [9] and containing an organoclay formed by a montmorillonite (MMT) and di(hydrogenated tallow)-dimethylammonium (2HT) as the organic modifier (OM). Binary composites made by the rubber and the organoclay were prepared either by compounding them or by reacting MMT and the ammonium salt in the rubber as the reaction medium. Morphology and crystalline structure of these nanocomposites, investigated through X-ray diffraction and Transmission Electron Microscopy (TEM) analysis, are discussed. For the first time, results with SBR as the rubber as well as a direct comparison of nanostructures formed by rubber and organoclay are presented. Moreover, IR-, NR-and SBR-based compounds containing carbon black as the main filler and a minor amount of organoclay were prepared and sulphur cured. Vulcanization kinetics and viscosity of raw composites as well as tensile and dynamic-mechanical properties of cured compounds are discussed. This paper aims at investigating fundamental aspects of rubber-clay nanocomposites, in the frame however of industrial relevant conditions, from the preparation of organoclays to compound formulations.
Results and discussion

Clay intercalates with organic modifier in rubber nanocomposites
Masterbatches containing a diene rubber, either IR or NR or E-SBR or S-SBR and the organoclay were prepared by melt compounding, using either an Haake type internal mixer or a two roll mill, in a temperature range, from 70 °C to 120 °C, far from the beginning of degradation reactions of the ammonium salt [10] . The amount of organoclay in the composites, 12 phr (per hundred rubber), was low enough to have an easy dispersion in the rubber matrix and high enough to have detectable signals in the XRD pattern. X-ray diffraction patterns of BR and S-SBR based masterbatches, in the 2 range 2°-80°, are shown in Figure 1 and Figure 2 respectively. XRD spectra of composites based on isoprene rubber, both IR and NR, were already reported and discussed in a previous paper [11] . In the XRD pattern of the organically modified layered clay (i.e. Dellite 67G), the presence of (00ℓ) reflections, with 1 ℓ 4 for a periodicity of nearly 3.6-3.7 nm (as shown by the pattern B in the inset of Figure 1 ), indicates a crystalline layered structure with the alkylammonium cation intercalated between silicate layers and the presence of higher order (00ℓ) reflections indicates a regular distribution of the organic modifier. d 001 distance in this commercial organoclay sample appears to be larger than the one reported for another commercial sample of an organoclay having the same ammonium cation as organic modifier: d 001 = 3.15 nm for Cloisite 15A.
By observing XRD patterns of nanocomposites based on the different rubbers, shown in Figures 1 and 2 showed a periodicity similar to the one reported in this work in Table 1 and was commented with a well ordered structure with intercalation of the polymer chain.
In summary, by mixing a diene rubber and a layered clay, either pristine [11] or organically modified with an ammonium salt (see Table 1 ), no evidence for the intercalation of polymer chains between the layers has been obtained. It is worth adding that, as described in detail in ref.
11, for high mixing energy and mainly for the pristine clay, a separation between clay-layers can be achieved. The observed delamination phenomena [11] do not occur by the well-known intercalation-exfoliation mechanism.
Formation of the organoclay in the rubber as the reaction medium
Diene rubber was used as the reaction medium for the exchange reaction between pristine MMT and the ammonium salt di(hydrogenated tallow)-dimethylammonium chloride (2HT Chloride): the ammonium salt was added in a stoichometric amount to have a complete exchange reaction of the alkaline and alkaline-earth cations.
X-ray diffraction pattern of a composite prepared by melt blending S-SBR (100 phr), pristine MMT (6.9 phr) and 2HT Chloride (5.1 phr) is shown in Figure 3 . Experimental findings on composites based on IR and NR were already reported [11] . Table 2 collects positions (2 CuK ), Miller indexes and Bragg distances (d) relative to the (00ℓ) peaks for nanocomposites obtained by reacting MMT and the ammonium salt in either IR, or NR or S-SBR (both with and without extension oil) as the reaction medium.
Findings in Table 2 indicate that, by mixing MMT and the ammonium salt in a diene rubber, the peak typical of the pristine clay (d = 1.2 nm) disappears while several (00ℓ) peaks, typical of intercalate crystalline structures, clearly appear. The new peaks are generally very similar to those observed for the neat OM-Clay (Dellite 67G, inset of Figure 1 ) as well as to those obtained by mixing this OM-clay intercalate with different rubbers (Figures 1 and 2 and Table 1 ). The obtained crystalline structure can thus be interpreted as due to intercalation of the organic modifier (ammonium cation) and silicate layers. Hence, also for nanocomposites obtained by this "in situ" procedure, no evidence is available for a possible intercalation of polymer chains. 
OM-clay intercalates with at least four (00ℓ) reflections clearly indicating an ordered structure and a distance between clay layers of nearly 6.0 nm were, instead, obtained by compounding MMT and 2HT Chloride in natural rubber [11] . It was commented that these nanostructures are due to clay intercalates with organic bilayers. A tentative rationalization of these experimental findings refers to a basic concept for the formation of crystalline structures: crystallinity is density driven, i.e. a crystal structure becomes thermodynamically stable by leaving a free volume as little as possible. In the light of this concept, the formation of crystalline clay intercalates with organic mono-layers is easily understandable. A density high enough to allow the formation of a bi-layer structure can be achieved thanks to the cooperation of the two long hydrocarbon chains of the ammonium salt and of polar molecules, minor components of the natural rubber, that can segregate in the inter-layer space [14] .
In conclusion, by melt blending a diene rubber, a pristine layered clay and an ammonium salt as the organic modifier, clay intercalates with organic mono-and bilayers are formed without evidences for the intercalation of polymer chains between the layers. In the scientific literature, the preparation of an organoclay in situ in a rubber medium has never been reported.
Dispersion of layered clay in a hydrocarbon medium
TEM analysis of composites obtained by melt blending pristine MMT and a diene rubber indicates a very poor clay dispersion into the rubber matrix: micrometric clay aggregates, even though smaller with respect to those of unmixed clay, are observed. As an example, in Figure 4 are reported pictures of composites containing MMT and based on IR and E-SBR ( Fig. 4a and 4b, respectively) . A very similar morphology was observed in any of the employed diene rubbers. This means that the above commented reduction of clay stacking order does not mean a nice dispersion of the hydrophilic nanofiller in the rubber matrix. On the other hand, in composites containing the OM-clay a good dispersion of the layered organophilic clay is observed: no aggregates, only stacks of few lamellae and isolated lamellae are present ( Figure 5 ). "As previously described in detail 11 , the mixing energy can bring to a separation between clay-layers, in particular for the a )
b )
pristine clay, thus giving rise to a delamination phenomenon, that does not occur through the well-known intercalation-exfoliation mechanism, that supposes instead the intercalation of polymeric chains. A very good dispersion of the organoclay in the diene rubber matrix is also obtained when the organoclay is prepared in situ by clay modification with the ammonium salt: no aggregates and only stacks and isolated lamellae can be identified in TEM micrographs. In particular, in the next paragraph the morphology of nanocomposites with clay intercalates with an organic bi-layer is discussed.
a ) b )
Figure 6 refers to a NR based nanocomposite with clay intercalates with organic bilayer and in particular, in the inset of the Figure, it is possible to see a high magnification image of a lateral view of parallel layers. An accurate quantitative determination of interlayer distance performed on TEM images brought to obtain a value of about 7 nm, very close to the one assessed from XRD analysis [14] .
Dynamic-mechanical properties of compounds based on isoprene rubber
Vulcanization kinetics and viscosity, tensile and dynamic-mechanical properties of sulphur cured compounds based on IR, NR and E-SBR and containing a commercially available organoclay (Dellite 67G) were investigated.
IR-and NR-based compounds containing carbon black as the main filler and a minor amount of the organoclay were prepared in a Banbury type internal mixer, adopting the formulations reported in Table 3 . In this work, for the first time it is shown the behaviour of an organoclay in substitution of a minor amount of the main filler: 10 phr of carbon black were replaced with an equal amount in volume of the organoclay, in line with the rubber reinforcement theory [4d,e] and a sulphur containing silane (bis(3-triethoxysylilpropyl)tetrasulfide, TESPT) was added as traditional coupling agent for a white filler, at a typical level (10% wt% with respect to the organoclay). Vulcanization system traditionally included a remarkable amount of ZnO, sulphur and a sulphenamide [15] . It is well known [7] that the ammonium cation brings about a remarkable acceleration of the vulcanization kinetics. Hence, to have correct crosslinking kinetics, a combination of pre-vulcanization inhibitors, pthalic anhydride and N-cyclohexylthiophtalimide, was used, as a system ad hoc developed by some of the authors [16] for compounds containing an organoclay. Data on Mooney viscosity and vulcanization kinetics are collected in Table 4 . It is evident that the replacement of carbon black with the organoclay brings about a substantial reduction of the compound viscosity. Vulcanization data indicate that the adoption of a combination of chemicals suitable to retard the crosslink reaction, i.e the anhydride and the thiophtalimide, makes the vulcanization kinetics of compounds with and without the organoclay almost indistinguishable and this allows a reliable comparison of the properties of cured compounds.
Tab. 3. Formulations of IR-and NR-based compounds
Results obtained from tensile and hardness measurements are reported in Table 5 : stresses at 50%, 100% and 300% of elongation (σ 50 , σ 100 and σ 300 , respectively), stress at break (σ b ), elongation at break (ε B ) and the energy required to break, as well as the hardness at two different temperatures were collected. The replacement of carbon black with the organoclay brings about a slight increase of the stresses at low strain and a moderate decrease of stresses at high strain, with a decrease of σ 300 /σ 100 ratio, to indicate a decrease in the upturn of stress strain curve at high strain. Ultimate properties are generally improved and particularly the stress and elongation at break. In line with tensile data obtained at low strain, hardness test reveals higher values for compounds containing the organoclay at the same (room) temperature. However, at higher temperature (70 °C) very similar values were measured, indicating a more pronounced thermoplasticity for the compounds with organoclay. Table 6 reports values of dynamic storage modulus (E') and loss factor (tan ), i.e. the ratio between loss modulus (E'') and E', obtained for the four compounds at different temperatures. It clearly appears that for both IR-and NR-based compounds the presence of the organoclay brings about higher values of E' particularly at low temperature. In fact, the difference between E' values measured at 10 and 70 °C ( E' ) is remarkably higher in the presence of the organoclay: these compounds reveal thus a more pronounced thermoplasticity. Moreover, independently on the rubber matrix, compounds containing the organoclay show at the lowest temperature similar energy dissipation (tan ) to that of reference compounds, whereas, on increasing the temperature the samples loaded with organoclay dissipate a higher amount of energy with respect to those containing only carbon black. 
Tab. 4. Mooney viscosity and vulcanization data for IR-and NR
Dynamic-mechanical properties of compounds based on styrene-butadiene rubber
As anticipated above, the effect of the organoclay on viscosity, vulcanization kinetics and tensile and dynamic-mechanical properties was also investigated in compounds based on E-SBR and containing carbon black as the main filler. Minor amounts of a commercially available organoclay (5 and 10 phr) were added to replace equal amounts (as phr) of carbon black, as typically done by compounders in industry.
Compounds formulation, designed as already commented above for IR-and NRbased compounds, are reported in Table 7 .
Tab. 7.
Formulations of E-SBR-based compounds, in phr. Table 8 reports Mooney viscosity and vulcanization data obtained for E-SBR based compounds. The overall results indicate the same trend observed for IR-and NRbased compounds (see Table 4 ): the organoclay brings about a substantial reduction of Mooney viscosity and very similar vulcanization kinetics are obtained thanks to the addition of crosslinking retarders, with an increase of T90 values. Values from tensile and hardness tests are reported in Table 9 . As already observed for compounds based on IR and NR, stress-strain curve tends to become more linear (decrease of σ 300 /σ 100 ratio) and the elongation at break increases as the amount of organoclay in the compound, in place of carbon black, increases. The hardness values indicate, as for IR-and NR-based compounds, an increase of compound thermoplasticity with the organoclay addition. In the scientific literature, few data are available [8d] to illustrate the behaviour of compounds with carbon black as the main filler and a minor amount of organoclay: an increase of tensile properties at low strain is reported as well, in the presence however of a worsening of the ultimate properties. It should be probably taken into careful consideration the difference in the vulcanization kinetics which is very fast for the reported compounds, prepared in the absence of specific crosslinking retarders.
Tab. 8. Mooney viscosity and vulcanization data of E-SBR
Tab. 10. Dynamic-mechanical properties of E-SBR-based compounds. 
Conclusions
This paper presents nanocomposites prepared by melt compounding and based on the most important diene rubbers (NR, IR, E-SBR, S-SBR, BR) and containing an organoclay formed by a pristine clay (MMT) modified with an ammonium cation (2HT).
A typical morphology is a fil rouge of all the binary rubber-organoclay nanocomposites: nicely dispersed lamellae as well as crystalline stacks of inorganic layers intercalated by the organic modifier. No evidences are available for the intercalation of polymer chains. This nanostructure is obtained both by blending diene rubber and organoclay and by reacting pristine clay and organic modifier in the rubber medium. An organic mono-layer characterizes the organoclay in all the synthetic rubbers whereas a bi-layer is prepared by reacting MMT and 2HT in natural rubber. Density driven crystallization is assumed as the driving force for the formation of both mono-and bi-layer intercalates and the occurrence of the latter nanostructures could be explained with the interlayer segregation of polar substances present in natural rubber.
Organoclays used in a minor amount to replace carbon black in IR-, NR-and SBR based formulations bring about a substantial decrease of raw compound viscosity and, after sulphur curing with an appropriate vulcanization kinetics, promote a more linear stress-strain curve with better ultimate properties and a remarkable increase of storage modulus, in the presence however of an increased compound thermoplasticity.
Results reported in this paper are relevant in view of a potential industrial development. In fact, organoclays can be prepared by mixing a pristine clay and an ammonium salt in the frame of traditional rubber processing technologies, using the rubber as a reaction medium. Moreover, an organoclay could become an ideal filler for rubber compounds, improving both rheological and reinforcement properties, provided that vulcanization parameters are under control and reinforcement is stable in a wide range of temperatures.
Experimental
Materials
Clays used in this work were purchased from Laviosa Chimica Mineraria S.p.A. Na + -montmorillonite clay (DELLITE ® HPS as the trademark) had a cationic exchange capacity (C.E.C.) equal to 128 mEq/100 g. In the organically modified clay (trade name Dellite ® 67G) 45 wt % of di(hydrogenated tallow)-dimethylammonium was present. Both clays had an average dry particle size in the 7-9 m range. The ammonium salt di(hydrogenated tallow)-dimethylammonium chloride (Arquad ® HC Pastilles) was purchased from Akzo Nobel with 98.5 as a typical value of chemical purity and the following alkyl chain distribution (as wt %) of the tallow substituents: < C 12 = 1, C 14 = 4, C 16 = 31, C 18 = 64. Synthetic cis-polyisoprene rubber (IR) was from Nizhnekamskneftechim Export (trade name SKI3). Natural rubber (NR) was from Lee Rubber (trade name SMR GP). Mooney viscosity (ML(1+4)100°C) of synthetic and natural isoprene rubber was found to be 70 and 62 Mooney Units (MU) respectively. Butadiene rubber was from Lanxsess (trade name BR neocis 60) and had 63 MU as Mooney viscosity. Styrenebutadiene copolymer obtained with radical emulsion polymerization (E-SBR) was from Polimeri Europa (trade name SBR 1721) and had 37.5 phr of highly aromatic extension oil, 40 wt% of styrene, 18 wt% of vinyl double bonds and 53 MU as Mooney viscosity. Styrene-butadiene copolymers obtained with anionic solution polymerization (S-SBR) were the following. SBR SOL R 72612: from Polimeri Europa, with 25 wt% of styrene, 50 wt% of vinyl double bonds, 36.8 phr of aliphatic extension oil and 48 MU as Mooney viscosity. Buna 5025-0 from Lanxess, with 25 wt% of styrene, 50 wt% of vinyl double bonds, without extension oil 65 MU as Mooney viscosity.
The following ingredients for compound preparation were used as received: Carbon Black N326 (Cabot), bis(3-triethoxysylilpropyl)tetrasulfide (TESPT) supported on carbon black, in a 1:1 weight ratio (X50S) (Degussa), ZnO (Zincol Ossidi), stearic acid (Sogis), N-(1,3-dimethylbuthyl)-N-phenyl-p-phenylenediamine (6-PPD) (Crompton), sulphur (Solfotecnica), N,N-dicyclohexylbenzothiazol-2-sulfenamide (DCBS) (Flexsys) and cyclohexylthiopthalimide (pre-vulcanization inhibitor, Santogard PVI) (Flexsys).
Preparation of binary rubber-organoclay composites
Quantities in any of the composites are expressed in phr, i.e. parts per hundred rubber.
Preparation in an internal mixer. A Haake PolyLab internal mixer with a 180 ml mixing room was used. 150 g of rubber were first introduced into the mixer at 80°C and masticated for 1 min; 18 g of the organoclay Dellite ® 67G were then added and mixing was carried out for 5 min, and rotors speed was 60 rpm. The blend was discharged at a temperature in a range from 110 °C to 115 °C. Content of organoclay in the composite was 12 phr.
Preparation with a two roll mill. About 500 g of rubber were first masticated on the rolls kept at 60 °C; 60 g of organoclay were then added and mixing was carried out for 5 min. Content of organoclay in the composite was 12 phr.
Reaction of pristine MMT and ammonium salt in the rubber medium
Reactions were performed in the HAAKE type internal mixer. 150 g of rubber were introduced into the mixer and masticated for 1 min; 10.37 g of DELLITE ® HPS and 7.72 grams of Arquad ® HC Pastilles were then simultaneously added, to promote a complete (100%) exchange reaction of the alkaline and alkaline/earth cations, on the basis of the following data: cationic exchange capacity of DELLITE ® HPS was 128 meq/100g, molecular mass and activity of the ammonium salt Arquad HC were 573.5 g/mol and 0.985 respectively. Hence, 13.27 meq of cations were present in 10.37 g of DELLITE ® HPS and (13.27/0.985) meq, i.e. 7.72 grams of ammonium salt were needed. DELLITE ® HPS/Arquad HC ratio was thus 57.3/42.7, close to the 55/45 ratio of the commercial DELLITE 67G sample, measured after ions elimination. Mixing was carried out for 5 min and the composite was discharged at a temperature in a range from 110 °C to 120 °C.
Compounds preparation
The elastomeric compositions reported in Tables 5 and 7 were prepared as follows. All the components, except sulfur, the accelerator (DCBS) and retarder (PVI), were mixed together in an internal mixer (model Pomini PL 1.6) for about 5 min (1 st Step). As soon as the temperature reached 145 5 °C, the elastomeric composition was discharged. The sulfur, accelerators and retarder were then added and mixing was carried out in an open roll mixer (2nd Step) at a maximum temperature of 90 °C.
Compounds characterization
Mooney viscosity was determined with a Mooney MV 2000 E Viscometer from Alpha Technologies, following the experimental procedure described by ASTM D1646. In particular, tests were run at 100 °C, using a rotor with a 38.10 mm diameter rotating at 0.209 rad/s. Rubber samples were preheated for 1 min at 100 °C and the rotor was allowed to rotate for 4 min before measuring the viscosity value, indicated in Mooney Units.
MDR rheometric analysis was conducted using a Monsanto MDR rheometer, the test being carried out at 170 °C, for 20 minutes, at an oscillation frequency of 1.66 Hz (100 oscillations per minute) and an oscillation amplitude of ± 0.5°. The following parameters were obtained: ML is the minimum torque measured; MH is the maximum torque measured; TSx is the time needed to have a torque equal to (ML + x); Tx is the time at x% of vulcanization required to have a torque value equal to ML + (x/100)(MH -ML).
Tensile, hardness and dynamic-mechanical measurements were determined on samples of the elastomeric compositions vulcanized at 170 °C for 20 min.
Stresses at a 50, 100 and 300% of elongation (σ 50 , σ 100 and σ 300 , respectively), stress at break (σ b ), elongation at break (ε B ) and the energy required to break were measured according to Standard ISO 37:2005.
The hardness in IRHD degrees (at 23 °C and at 70 °C) was measured according to Standard ISO 48:1994.
Dynamic-mechanical properties were measured using an Instron dynamic device in the traction-compression mode according to the following methods. A test piece of the crosslinked elastomeric composition having a cylindrical form (length = 25 mm; diameter = 12 mm) and kept at the prefixed temperature (10, 23 and 70 °C) for the whole duration of the test, was compression-preloaded up to a 25% longitudinal deformation with respect to the initial length and then submitted to a dynamic sinusoidal strain having an amplitude of 3.5% with respect to the length under preload, with a 100 Hz frequency. The dynamic-mechanical properties are expressed in terms of dynamic storage modulus (E ) and loss factor (tan ) values. The tan value is calculated as a ratio between loss (E ) and storage modulus (E ).
